The snow-fed river basins of the Near East region are facing an urgent threat in the form of declining water resources. In this study, we analyzed several remote sensing products (optical, passive microwave, and gravimetric) and outputs of a meteorological reanalysis data set to understand the relationship between the terrestrial water storage anomalies and the mountain snowpack. The results from different satellite retrievals show a clear signal of a depletion of both water storage and the seasonal snowpack in four basins in the region. We find a strong reduction in terrestrial water storage over the Gravity Recovery and Climate Experiment (GRACE) observational period, particularly over the higher elevations. Snow-cover duration estimates from Moderate Resolution Imaging Spectroradiometer (MODIS) products point towards negative and significant trends up to one month per decade in the current era. These numbers are a clear indicator of the partial disappearance of the seasonal snow-cover in the region which has been projected to occur by the end of the century. The spatial patterns of changes in the snow-cover duration are positively correlated with both GRACE terrestrial water storage decline and peak snow water equivalent (SWE) depletion from the ERA5 reanalysis. Possible drivers of the snowpack depletion are a significant reduction in the snowfall ratio and an earlier snowmelt. A continued depletion of the montane snowpack in the Near East paints a bleak picture for future water availability in this water-stressed region.
Introduction
The Near East region that encompasses the Fertile Crescent, often referred to as the cradle of civilization, has long been a center of agricultural activity. This has largely been due to a warm climate, nutrient-rich soil and the abundance of fresh water supplied by large snow-fed rivers such as the Tigris and the Euphrates. Presently, the waters of these rivers, being an essential resource for about 81 million people [1] , are used extensively for industry, hydropower, and agriculture. Historically, prolonged droughts and a lack of water security have been major sources of conflict in this water-stressed region [2] [3] [4] [5] . Currently, the water resources of the Near East are reported as highly vulnerable [6, 7] with severe water scarcity throughout the year [8] . Worryingly, the sustainable use of this region's water resources is threatened by the projected climate change related both to greenhouse forcing and land use change [6, [9] [10] [11] .
Several studies point out that the climate of the Near East region has been changing during recent decades (e.g., [12] [13] [14] [15] [16] ). In the current era, the year 2007 was an important milestone for the region in terms of water resources. Strong observational evidence of a long-term drought in the Fertile Crescent was shown for the [2007] [2008] [2009] period in the study of Trigo et al. [12] . Türkeş et al. [15] reported significant changes in the temperature pattern over the coasts of the Black Sea and the eastern Anatolia where the headwaters of the Euphrates and Tigris basin (ETB) are located. They also found that the average precipitation increased by 1.9 mm per month from 1950-1980 to 1981-2010 for these areas. In their clustering analysis, they showed the formation of a new continental rainy summer precipitation pattern over northeastern Anatolia after 1980. For the same area, Gokmen [16] found an increasing trend of total annual precipitation over the period 1979-2010 up to 150 mm that agrees with the ERA-Interim/Land reanalysis data. The analysis of Gokmen [16] also indicated a significant decreasing trend in annual precipitation over the lower elevations in the ETB from station data and two reanalysis data sets. Several studies have projected a temperature increase pattern in the future over the Near East. Both global [17] [18] [19] and regional [9, 10, [20] [21] [22] [23] climate modeling studies projected an absolute increase in the future temperature of around 1-9 • C (depending on the scenario and the model) over the region at the end of the 21st century. The direction and the magnitude of the projected changes in precipitation vary depending on the season and the subregion. Future simulations estimate a decrease in precipitation over the Near East region with an exception of winter months and the coasts of the Black Sea region [10, [22] [23] [24] . In a statistical analysis, Ezber [25] used the outputs of future CORDEX simulations [26] to show a significant shift in precipitation seasonality over the Black Sea region and southeastern Anatolia. All these studies point towards the Near East being a region that is especially vulnerable to climate change. These findings indicate that the water resources of the region may be under threat in the future.
Temperature has a direct effect on snow processes through modulating the phase of precipitation and the persistence of the snow once it is on the ground [27] . Both ground observations [13, 14] and satellite products [28] show that increasing temperatures (up to 2 • C) have led to earlier spring snowmelt in the mountainous parts of the ETB. Sen et al. [13] investigated the changes in discharge timing in the ETB and teleconnection patterns, and concluded that earlier snowmelt typically occurs during the negative phase of the North Sea-Caspian pattern. The role of large-scale climate anomalies, particularly those related to La Niña, in forming droughts in the Middle East was studied by Barlow et al. [29] . They underlined the fact that projections point towards a drying and warming of the climate in the region, leading to a reduction in peak snow water equivalent (SWE) and earlier snowmelt. Yucel et al. [14] showed that streamflow timing in eastern Anatolia is already occurring over a week earlier compared to the climatological average for the period 1970-2010. By running regional climate simulations under a high emissions scenario, they projected that by the end of the century this shift would be as large as one month. The end of century projections also showed a considerable decrease in surface runoff for the Aras basin and the ETB, while a lower decline was found for the Coruh basin. In a hydrological modeling study, Bozkurt et al. [30] found similar results, projecting a decrease of 19-58% in annual streamflow in the ETB by the end of the century, corresponding to a temporal shift of streamflow timing of around 3-5 weeks. Ozdogan [31] evaluated the snow water availability in the whole ETB by forcing their model with the outputs of several regional climate simulations. Even though the results (decrease in SWE between 10 to 60%) show variations due to the different input data, they agreed on a significant decrease in SWE in the lower elevations (under 500 m) by the end of the century. A comprehensive analysis of snowmelt projections for different elevation bands was conducted by Onol et al. [10] for the ETB. Their five different regional climate model outputs projected that the seasonal snow cover would vanish in the lower regions (elevation between 1000 and 1500 m) at the end of the century. Moreover, snow in the middle and higher elevation regions (elevation > 1500 m) were projected to share the same destiny for the model outputs forced under various future scenarios. It is important to emphasize that other than reducing snowfall, drying has another important effect in that it may lead to an increase in snowpack ablation through sublimation [32] . These projections, including business as usual, paint a bleak picture for the future of the water resources of the Near East region.
Observations from space play an important role in monitoring changes in the state of the Earth's surface [33] [34] [35] including the global terrestrial water storage [36] and the snowpack [37, 38] . The globally available satellite retrievals of total terrestrial water storage (TWS) from the Gravity Recovery and Climate Experiment (GRACE) [39] are invaluable for diagnosing the state of water resources in areas such as the Near East where the availability of ground observations are both physically and politically limited. The GRACE TWS retrieval represents the water equivalent thickness which is the aggregate of all the water storage components within a pixel, namely soil moisture, surface water, groundwater, ice and snow (e.g., [36, [40] [41] [42] [43] ). Voss et al. [40] used GRACE data to show the ongoing water loss in the Tigris-Euphrates-Western Iran region. They used the outputs of NASA's Global Land Data Assimilation System (GLDAS) to decompose the GRACE TWS signal into its various storage components. Through this approach, they estimated a groundwater depletion of 17.3 ± 2.1 mm yr −1 for the period between 2003 and 2009. Longuevergne et al. [41] underlined that the groundwater contribution to the GRACE observation can be underestimated by half if the spatial distribution of the reservoirs is not considered in the ETB. Another study for this region was conducted by Joodaki et al. [42] using GRACE TWS data, a land surface model, and well observations. Their model outputs showed that a decrease in groundwater storage is the reason for a negative GRACE TWS trend pattern mainly centered over the northern part of the Iraq-Iran border. After the drought in 2007, the human-induced groundwater loss was recovered in the upper part of the ETB by 2013. The same recovery was not found for the groundwater storage in Iran [42] . In another study, Forootan et al. [43] found that total water flux values derived from GRACE and those obtained from two reanalysis datasets (ERA-Interim and MERRA-Land) had high correlations for the mountainous regions of the ETB. They calculated negative water flux trends of around −2.6 mm month −1 yr −1 . Recently, Rodell et al. [36] estimated a decrease in total water storage of around 32.1 ± 1.5 Gt yr −1 for the northern Middle East region which includes eastern Turkey, Iran, Iraq, and Syria. They claimed that a large negative trend occurred because of groundwater depletion and drought which are categorized as a "possible or partial direct human impact". All these findings point towards an already severe depletion of water resources in the region.
Decomposing the total water storage into its components shows a clear signal of groundwater depletion in the Near East region [36, [40] [41] [42] [43] . Additionally, surface soil moisture trends show a significant decrease for the Middle East region [44] . Similar results were found over a longer time period by Feng and Zhang [45] . They also showed a drying tendency in the arid land areas. Among the components of TWS, the mountain snowpack, typically expressed as the volume (or mass) of SWE, is an important but less studied part of this equation in the Near East. In this region, the high mountain snowpack acts as a water tower [46] . It is thus important to better understand the role of snow in the TWS signal. For investigating the snowpack in data sparse regions such as the Near East, satellite remote sensing is an invaluable tool for monitoring the state of the snowpack (e.g., [37] ). The disadvantage with satellite remote sensing of snow is that at present accurate retrieval of SWE, the main quantity of interest, is not possible over complex terrain [47, 48] . Also, the most reliable retrievals, namely the optically based retrievals of snow-covered area, have trouble sensing in cloudy conditions, resulting in large data gaps (e.g., [49] ). Nonetheless, SWE is strongly correlated with snow-cover duration [48] and many previous studies have successfully used optical remote sensing to study the evolution of the snow-cover (e.g., [38, 50] ). For the Near East, the accuracy of Moderate Resolution Imaging Spectroradiometer (MODIS) snow-cover products (MOD10A1 and MOD10A2) has been evaluated through several studies conducted in the Karasu basin located in the headwaters of the Euphrates River [51] [52] [53] [54] . These early studies reveal that these products were reasonably accurate, although clouds were a notable source of error. Ensuing studies in the Karasu basin reduced the cloud problem by making use of the composite 8-day MODIS snow-cover product (MOD10C2) and passive microwave SWE retrievals [28, 55] . It was found that a decrease in precipitation and increase in temperature had led to a decrease in peak discharge amounts and an earlier snowmelt timing in both the 2008 and 2009 water years [28] . A strong negative correlation was found between the MODIS snow-covered area and in situ runoff which is not surprising given that 60-70% of the annual streamflow in the Karasu basin is snowmelt runoff [56] . Snowmelt estimation is thus important in the context of managing the water resources of this region. For this purpose, several studies [56] [57] [58] [59] [60] developed different methods for forecasting the daily snow cover and streamflow.
Changes in peak SWE and snowmelt timing may already be playing an important role in the observed TWS signal over the GRACE observation period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) . In this study, we conduct an exploratory analysis to investigate the role of the snowpack in the observed decrease in water storage of the transboundary basins of the Near East region. We analyze several snow-related satellite retrievals (optical, passive microwave and gravimetric) and a new meteorological reanalysis data set for this semi-arid region. Both the temporal trends in the individual data sets and correlations between them are considered in the analysis.
Study Area
The Near East region is the land area nestled between the Mediterranean Sea, Black Sea, Caspian Sea, Arabian Sea, and Red Sea. Among the main river basins of this territory are the ETB, Kura-Araks basin (KAB), Çoruh basin (COB), and the Van Lake basin (VAN) (Figure 1 ). Except for the latter, these are all transboundary river basins. All these basins are snow-fed river basins which are vulnerable to projected climate change [7, 10, 20] . The waters of these basins are distributed to populations of around 65.5 million, 14.5 million, 790 thousand, and 950 thousand people respectively [61] . The ETB as the largest (Table 1) basin is assumed to be the most important water resource in the Middle East region [20] , while KAB is the main water source of the South Caucasus region [1, 62] . The Euphrates and the Tigris rivers have a length of approximately 3000 km and 1850 km, respectively. Both rise at the highlands of eastern Anatolia and flow into the Persian Gulf. The Kura River originates in Georgia, while the Araks River starts in Turkey. They are approximately 1515 km and 1072 km long, respectively, and both end in the Caspian Sea [1]. The Coruh River, with a length of 426 km, originates in northeastern Turkey, and reaches to the Black Sea [63] . In the total basin area, annual discharge amounts are about 147.67, 25.28, and 13.07 km 3 /year for the ETB, KAB, and COB, while annual runoff is 170.12, 133.02, and 592.95 mm/year, respectively [61] . VAN is an endorheic, i.e., hydrologically closed, basin in eastern Turkey with a 17,915 km 2 drainage area (Table 1) . Lake Van is the largest soda lake in the world, and lies at 1650 m above sea level (m a.s.l.) [64] . The sediments at the bottom of the lake provides precious information for paleo studies [65, 66] about the past climate conditions of Eurasia to understand current water level rising in the lake [64, 67] . With its complex topography (see Figure 1 ) the Near East features several peaks over 4000 m a.s.l., with one above 5000 m a.s.l. Given the relevance for the snowpack, we provide a brief description of prominent peaks and some elevation statistics. Peak elevations are given based on the gray literature (see e.g., peaklist.org by A. Maizlish) whereas elevation statistics are calculated based on the SRTM30 digital elevation model (DEM) detailed in Section 3.5. The ETB is flanked by high mountains in the north and east. Table 1 for basin averaged precipitation). The whole region is situated in a transitional climate zone where feedback mechanisms differ between the north and south [70, 71] . Under climate change conditions, large spatial shifts in ecoregions are projected in eastern Anatolia including the coasts of the Black Sea, Van Lake, and the ETB [72] .
Data and Methods
As shown in Table 2 , we employed four different forms of satellite retrievals (gravimetric, optical, passive microwave, and radar) along with a relatively high-resolution meteorological reanalysis data set to explore the behavior of the Near Eastern snowpack over the last two decades. The use of remote sensing allows us to fill in knowledge gaps for estimation over large areas that, at least in terms of the snowpack, hydrometeorological modeling alone struggles to fill in adequately. 
Gravimetric TWS Data
We first explored the monthly time series of GRACE liquid water equivalent thickness anomalies [73, 74] . The GRACE twin satellites measure the change in Earth's gravity field which is used to produce a global observational data set for tracking the variations in the TWS. The main partners of the GRACE mission are the University of Texas Center for Space Research (CSR), the GeoForschungsZentrum (GFZ) Potsdam, and the Jet Propulsion Laboratory (JPL). In this study, we use GRACE TELLUS Level-3 gridded monthly land water mass Release 5.0 (RL05) from all these three data processing centers. We multiplied raw data with the provided scaling grids [39] for each of the 1 • × 1 • grid cells. GRACE anomaly data were created by using the 2004-2009 time period as a baseline. For our study, we are interested in changes in TWS and so the period used as a baseline in the generation of the anomalies is not important. By inspecting the three GRACE products (see Figure 2) , we noted that they were all very similar, and we chose to use the CSR product in our analyses.
Optical Snow-Cover Retrievals
Optical sensors measuring reflected insolation can exploit the spectral signature of snow, high reflectance in the visible and near opaqueness in the shortwave-infrared, to retrieve within pixel snow presence/absence and even fractional snow-covered area [75] . In the retrieval process, this signature, which sets snow apart from most other naturally occurring surfaces, is often diagnosed using a normalized difference snow index (NDSI) (c.f., [75] [76] [77] ). An example of a sensor with such sensing capabilities is the MODIS flying on board both the Terra (2000-present) and Aqua (2002-present). MODIS has a spatial resolution of approximately 500 m for the spectral bands of interest and a near daily revisit frequency at the equator. The spatio-temporal resolution and length of the MODIS record make it ideal for monitoring changes in global (e.g., [37, 38] ) and regional (e.g., [50, 78] ) snow cover.
We employ NASA's MODIS Collection 6 snow-cover products (MOD10/MYD10) that are hosted by the National Snow and Ice Data Center (NSIDC). These products are extensively described in Riggs et al. [77, 79] . Briefly, these products all build on the use of the NDSI for assigning a confidence on snow presence ('NDSI snow cover') in a ∼500 m pixel and subsequently aggregating these in space and time. The ∼500 m products have been evaluated in various locations with typical errors on the order of 10-20% for collection 6 [49, 80] . In this study, we use the aggregated 8-day [81, 82] and monthly [83, 84] MODIS climate model grid (0.05 • ) snow-cover products. These products represent the maximum 8-day and mean monthly fractional snow cover within each 0.05 • grid cell.
We use the monthly MODIS product solely to calculate the climatology of the fractional snow-covered area for each basin (see Figure 4 ). For this climatology, merged MODIS retrievals from Terra and Aqua are obtained by combining two data sets to get longer and more accurate time series. For each time step, we selected the higher value from either Aqua (MYD10CM) or Terra (MOD10CM). In a postprocessing step, we use the 8-day product to calculate the snow-cover duration (SCD) for each water year. For each grid cell, any 8-day period where the cloud cover exceeds 10% is flagged as cloudy (see Figure A2 ) and we replaced the value by linearly interpolating the snow-cover values in the adjacent 8-day windows. SCD is then calculated as the number of days (effectively 8 times the number of 8-day windows) that a grid cell is at least 50% snow-covered. The SCD is strongly correlated with peak SWE, since a deep snowpack typically persists longer than a shallow snowpack provided that ablation rates are similar. Hence, the SCD is a useful indirect measure of the SWE storage. It is this relationship between SCD and SWE that is exploited in snow reconstruction [48] and reanalysis techniques [85] .
Passive Microwave SWE Retrievals
SWE is an essential variable for water resources in cold regions, yet the estimation of SWE storage over large areas remains challenging [48] . The attenuation of microwave radiation emitted by the underlying ground increases as a function of frequency and snow grain size due to volume scattering by the snowpack. Hence, the difference between low and high frequency brightness temperatures in the microwave range tends to increase proportionally with SWE [86] . At the same time, these frequencies are relatively unaffected by cloud cover or insolation [47] . Therefore, we employ SWE retrievals from the Advanced Microwave Scanning Radiometer for EOS (AMSR-E [87] ) on board the Aqua satellite and its successor the Advanced Microwave Scanning Radiometer-2 (AMSR2 [88] ) on board the GCOM-W1 satellite, as these cover most of the GRACE data period.
Passive microwave SWE retrievals do have some limitations. At terrestrial temperatures, objects emit microwave radiation at low intensity and so pixels must be considerably larger ( 0.25 • ) for passive microwave sensors, than for e.g., optical sensors, to obtain an acceptable signal to noise ratio [48] . Furthermore, the quality of the retrievals is lower in complex terrain [37] . Moreover, the signal tends to saturate for wet and deep snowpacks [47] . Despite these error sources and the resulting uncertainties, we employ passive microwave retrievals as an additional potentially valuable source of information and assume that the signal is stronger than the noise in line with previous studies in the mountains of the Near East (e.g., [28, 55, 89] ).
The AMSR-E instrument, which was operating on board the NASA's Aqua satellite, provided observations for the time period between June 2002 and September 2011 ( Table 2 ). We use the monthly level 3 SWE retrievals from AMSR-E which is projected to the 25 km Equal-Area Scalable Earth (EASE) Grids by the NSIDC [87] . As suggested in the data guide [87] , SWE values were multiplied by a scaling factor of 2 before any climatological calculation. AMSR2, the successor sensor of AMSR-E, has provided measurements since August 2012 (Table 2 ). AMSR2 is in orbit on board Japan Aerospace Exploration Agency's (JAXA) Global Change Observation Mission-Water 1 (GCOM-W1 "Shizuku") satellite that was launched in May 2012. We used level 3 SWE data from AMSR-2's descending orbit direction at 25 km spatial resolution until July 2018 after multiplying by a scale factor of 0.1 as suggested in the reference manual [88] . As a postprocessing step, we calculated spatially averaged annual maximum SWE values for each basin from both AMSR-E and AMSR2 data sets.
Reanalysis Product
The European Centre for Medium-Range Weather Forecasts (ECMWF) released their fifth generation of global climate reanalyses, ERA5, at the end of 2017 [90] . During the production phase as a part of the Copernicus Climate Change Service (C3S), massive amounts of in situ and satellite measurements were used as input into the modeling and data assimilation system. For the modeling, version CY41R2 of ECMWF's integrated forecasting system (IFS) was employed (see [91] ). For the data assimilation, a 4D-variational algorithm was used. ERA5 has higher spatio-temporal resolution than its predecessor ERA-Interim, in addition to improvements in soil moisture representation and in the global balance of precipitation and evaporation. This successor atmospheric reanalysis product is expected to eventually completely replace the ERA-Interim product. Here, we compliment the satellite products by using temperature, snowfall, rainfall, sublimation, evaporation, radiation, and SWE from ERA5. All these variables were obtained from the surface level fields of this reanalysis at 0.25 • spatial resolution and hourly temporal resolution. It is worth emphasizing that modern meteorological reanalyses are already constrained by remote sensing through the assimilation of various satellite retrievals. At the same time, none of the satellite retrievals used in this study are assimilated into the ERA5 reanalysis, so ERA5 may be viewed as an independent line of evidence in our analysis.
In the postprocessing, we first used the hourly raw data [90] to calculate the seasonal (winter and spring) and annual accumulated precipitation and mean 2 m air temperature. The trends were then calculated by applying the statistical methods described in Section 3.6. Similarly, the mean downward radiation was obtained after the summation of surface downwards solar and thermal radiation of the ERA5 data set for each hourly time step. The rainfall data was obtained by subtracting the raw hourly snowfall data from the total precipitation provided in the ERA5 database [90] . We also analyzed two snow-related ratios to understand the change in snowpack, namely snowfall ratio and sublimation ratio. Here, we defined the snowfall ratio as follows:
based on the seasonally accumulated snowfall and rainfall. Also, we used the snowmelt and snow evaporation (sublimation) data (where SWE > 0) of ERA5 to calculate the sublimation ratio as below: sublimation_ratio = sublimation/(sublimation + snowmelt)
Digital Elevation Model
We use the SRTM30 DEM. This is simply the shuttle radar topography mission (SRTM) DEM aggregated from the native 1 arc-second (0.00028 • , roughly 30 m) resolution to 30 arc-seconds (0.0083 • , roughly 1 km) through spatial averaging. After aggregation, any voids in the DEM were filled with the GTOPO30 DEM. Details of the SRTM mission and DEM are provided in Farr and Kobrick [92] and Farr et al. [93] . We used the two tiles E020N40 and E020N90.
For all the data sets listed in Table 2 we aggregate the SRTM30 to the resolution and grids of the respective data sets. For all the data sets in regular geographic coordinates, i.e., all but AMSR-E, this is done in a separate two stage process. First, we apply a 2-D digital filter that averages a neighborhood (corresponding to the data set resolution) around each grid cell on the SRTM30 DEM. Then, we simply find the nearest neighbor smoothed DEM grid cell for each grid cell in the data set. To a very good approximation this yields the aggregated DEM for the grid of the respective data sets. As for AMSR-E, which is projected in the EASE grid with irregular geographic coordinates, for each grid cell we search for all the SRTM30 grid cells that fall within this cell and average these to obtain an aggregated AMSR-E DEM.
Through this process, we obtain coarsened DEMs for the ERA5, GRACE, AMSR-E, AMSR2, and MODIS products. For each basin, we then apply a basin mask using the basin outlines and we only include data set grid cells for the basin analysis if at least 30% of a data set grid cell falls within the basin. We then apply elevation thresholds (500, 1000, 1500, and 2000 m a.s.l.) to eliminate irrelevant (snow-free) lower-lying points and look at the elevation signal in the temporal trends of the respective products. We highlight that these elevation levels are lower limit thresholds to mask out the areas below a specific level, as opposed to doubly bounded elevation bands. For instance, when we apply the 1000 m threshold, it means that we are taking into account the grid cells above 1000 m for further calculations.
Statistical Analysis
In this study, we perform a statistical analysis of the previously described time varying remotely sensed spatial data related to the snowpack, namely: GRACE TWS, AMSR-E SWE, AMSR2 SWE, and MODIS SCD from both Aqua and Terra. To compliment these data sets we also analyzed ERA5 SWE, as well as energy and mass balance fields that contribute to the SWE. The analyses were conducted for the elevation thresholds mentioned in the previous section based on the aggregated SRTM30 DEM.
The aforementioned data sets are analyzed both individually and relative to one another. For the individual analyses we look at temporal trends for each basin, both spatially distributed trends and basin averaged trends, for the different elevation thresholds. For each data set we compute trends for the entire currently available sensing period of the data set in question. So, for example, for AMSR-E, which is no longer sensing but on board the Aqua satellite, we use the water years 2003-2011, whereas for Aqua MODIS which is still operational we use the water years 2003-2018. By maximizing the temporal extent of each data set we are attempting to let the respective data sets speak for themselves. To diagnose the significance of the temporal trends we employ the Mann-Kendall test which is a non-parametric test that is well suited for hydrological time series [94] . For inter-data set comparisons we perform a standard Pearson correlation coefficient analysis. Here the significance of correlations is determined using a two-tailed t-test. Being wary of the error of the transposed conditional (see [95] ), we employ statistical significance with some caution. That is to say, the significance tests are testing the probability of the data given the null hypothesis (no trend or correlation) and not the reverse. A low probability (p-value) merely indicates that the data would be unlikely given the null hypothesis and thus that we are possibly onto something. We define significant as the cases when p < 0.1.
Results and Discussion

Changes in Total Water Storage
GRACE retrievals of monthly water storage anomalies were analyzed for four basins in the Near East region. Figure 2 shows time series of the spatially averaged variations in water storage for each basin from three different data providers (GFZ, CSR, and JPL). The first panel displays the increasing negative anomalies, especially after the 2007 drought [12] , which corresponds to the dominating drying conditions for the ETB. The overall water storage anomalies in the ETB (Figure 2a ) have a steeper trend line after 2007. Chao et al. [96] found that the negative trend after the drought (2007-2015) was 3.6 times as large as before the drought (2002) (2003) (2004) (2005) (2006) . Similarly, the drought pattern becomes stronger for the KAB, with 2010 as an exception. The magnitude of the variability is larger in the COB which has a smaller area. Still, the negative anomaly is visible for the same drought years. The Van Lake basin has a similar pattern to KAB. All three GRACE solutions agreed on the increasing water loss especially after the severe drought in 2007 and later years in the whole Near East region. For our study basins, the three GRACE data sets showed similar results to a certain extent. For the further analyses in this paper, we chose to use the GRACE RL05 solution from CSR, since this time series also has the lowest difference from the ensemble mean of all the GRACE data sets over the global river basins [97] . To account for the TWS anomalies (TWSA) at different elevation levels, we applied the elevation masks (see Section 3.5) on the selected GRACE solution (CSR) in Figure 3 . The ETB is a large basin which is mostly flat and low lying in its interior, with high mountains flanking the northern and eastern part of the basin (Figure 1) . Therefore, the elevation masking results show the largest changes for this basin a the other higher lying studied basins (see Table 1 ). For example, the trend becomes considerably steeper in the spatially averaged time series for the areas over 1500 m a.s.l. (orange line in Figure 3a ) than for the whole ETB (yellow line in Figure 3a) . While the degradation of annual maximum TWSA with elevation was from higher elevation to lower areas until the drought years (2007) (2008) , the direction reverses in recent years (2015) (2016) . The trend for the monthly time series for areas over 1000 m is −2.74 cm per year in the ETB. This linear trend for the basin averaged TWSA is at the same order of magnitude as the negative trend, −27.2 ± 2.1 mm yr −1 between 2003 and 2009, found in the study of Voss et al. [40] . Figure 3b shows that the TWSA change between elevation levels is considerably smaller for KAB. Additionally, there is not a similar directional change of the masked areas as in the ETB after the drought years. Nonetheless, there is a significant negative trend over 1000 m a.s.l. of around −1.4 cm per year in the KAB. Since Coruh and Van Lake basins are both higher lying and have smaller drainage areas (see Table 1 ) compared to the previous two basins, the elevation thresholds do not have a noticeable effect in changing the spatially averaged time series from GRACE (Figure 3c,d) . Both COB and VAN have decreasing TWSA trends in the areas over 1000 m a.s.l. of around −2.22 and −1.85 cm per year, respectively. Steep negative water storage trends in the higher areas might be related to a depletion of the snowpack. We will first investigate the snow-cover characteristics in the basins of the Near East. 
Snow Cover in the Near East Region
As shown in Figure 4 , above 1000 m all the basins feature a clear seasonal snowpack that forms in late fall or early winter (October-December), reaches its maximum extent in late winter (January-February), and melts through the spring (March-April-May). Climatologicaly ( Figure A1 ), for all basins the seasonal snowpack is practically gone by the start of the summer. This is typical for this latitude and elevation [98] and sets the snowpack we are dealing with apart from, e.g., Arctic seasonal snowpacks that may persist well into July (e.g., [49] ). In terms of inter-basin variability, we note that the (on average) higher basins, COB and VAN, have almost 100% snow cover during January and February whereas the lower-lying basins exhibit a slightly lower median snow cover of 60% (ETB) and 75% (KAB) in mid-winter with a notably larger inter-annual variability. This highlights the fact that even above 1000 m more of the snowpack is ephemeral, rather than seasonal, in these latter basins. In their global study, Hammond et al. [38] categorized the snow zones of the Near East region as intermittent and seasonal. Additionally, they claimed that two teleconnection indexes mainly dominate the annual snow persistence in this region. The North Atlantic Oscillation (NAO) is effective over the VAN, southern KAB, and northeastern ETB, while the Southern Annular Mode (SAM) is the dominant teleconnection in the rest of the domain. The months of December and July have the strongest correlation between annual snow persistence and the teleconnections, NAO and SAM, respectively (see the supplement in [38] ).0 10 20 30 Kura−Araks Basin
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Snowpack Trends
As mentioned earlier in Section 3.2, we calculated 0.05 • resolution SCD for each water year from the MODIS maximum 8-day snow cover from both the Aqua and Terra platforms (see Figure A2 ). This evidence of SCD decline can be interpreted as an early warning sign of future projections which show that the seasonal snow cover may vanish in the regions below 1000 m [20] or between 1000 m and 1500 m a.s.l. elevation [10] . MODIS data is provided from different satellites (Aqua and Terra) for different time periods. It is noted that the SCD trends from Aqua shows stronger and more significant changes for a shorter time period between 2003 and 2018. As such, we compared both data sets for the same time range (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) ). This comparison gave almost the same results for Terra as for Aqua (not shown). Therefore, we can say that observations from the first two years (2001 and 2002) of Terra gives higher (less negative) temporally averaged SCD trend values over the MODIS grid cells. We mentioned earlier that SCD and SWE are indirectly yet strongly related (e.g., [48, 49, 85] ): Shorter SCDs indicate either a lower peak SWE, or accelerated ablation, or a combination of the two and vice versa for a longer SCD. We will return to this point in the analysis of the ERA5 outputs.
In Figure 6 , we compared the spatial pattern of the trends of annual maximum TWSA from GRACE and annual maximum SWE from ERA5 for the areas above 1000 m. GRACE TWSA trends (between 2002 and 2016) show a statistically significant (p < 0.1) decline over the highlands of the Near East region. In the KAB and the headwaters of the ETB, the negative TWSA trends are up to 2 cm per year, while it can reach up to 4 cm per year in the COB, VAN, and the eastern highlands of the ETB. The declining trends in GRACE TWSA are statistically significant in most of the areas over 1000 m. The significantly declining SWE trends from ERA5 are in the Greater and Lesser Caucasus, Mount Kaçkar, Zagros mountains, Uludoruk, surroundings of Van Lake, and the southeastern Taurus mountains. Here, we clearly see the similarities in the spatial pattern of trends in Figures 5 and 6 .
The trends in the annual maximum values of snow-related variables are given in Table 3 . We calculated these trends for each basin and each elevation threshold by fitting a linear model to the annual maximas. The negative TWSA trends calculated from monthly GRACE data are shown for the areas over 1000 m in Figure 3 . The annual maxima trends similarly show a significant decline in water storage anomalies in ETB, KAB, and VAN at a confidence level of 99.9%, and in COB at 95% confidence level for all elevation thresholds. In the ETB, the magnitude of the negative GRACE trends increases by elevation, as does the magnitude of the trends from the other data sets. In this basin, above 2000 m the average MODIS SCD trends from Aqua and Terra satellites are −2.1 and −1.5 weeks per decade and these are both statistically significant at the 95% confidence level. At the same elevation threshold and significance level, ERA5 SWE show a decreasing trend of around 3 mm per year. The SWE data provided from AMSR-E and AMSR2 passive microwave radiometer systems give negative trends with an increasing magnitude by elevation in the ETB. However, none of these trends are statistically significant. For the upper part of the ETB, Akyurek et al. [28] showed the decrease in snow depth from the ground measurements while no decrease of SCA amounts from MOD10C2 for a short time period (10 years between 2000 and 2009). Since SCA alone does not give complete information about the volume of the snowpack, we calculated the SCD trends from MODIS snow products to understand more about the snowpack (see Section 3.2). The declining SCD trends in the upper ETB ( Figure 5 ) are consistent with the findings of Akyurek et al. [28] from ground measurements. For the areas over 2000 m in the KAB, COB, and VAN basins, the negative basin averaged trends for MODIS SCD from Aqua (Terra) are 1.1 (0.2), 1.7 (0.5), and 1.2 (0.7) weeks per decade, respectively (Table 3 ). Significant negative trends were found for SWE values from the ERA5 reanalysis data set in the KAB and COB basins. The magnitude of change increases by elevation in the KAB, while the opposite is observed for the COB. Still, the magnitude of the negative trends in ERA5 SWE is the highest in the COB among all basins, even though the elevation signal is not strong. In the KAB, COB, and VAN basins, the direction of the change in SWE trends from AMSR-E and AMSR2 retrievals are opposite for each elevation threshold. Here, we should note that annual maximum SWE values are for shorter and different time periods for AMSR-E (2003-2011) and AMSR2 (2013-2018). In the KAB, the negative SWE trends from AMSR-E and ERA5 are quite similar in the areas below 2000 m. However, there is little similarity between the SWE estimates over the COB and VAN basins which are high elevation basins with complex terrain (Table 1) . In their study, Tekeli [89] showed that it is possible to improve the AMSR-E results in the eastern Turkey if we could correct them using in situ snow density values. Unfortunately, it is quite difficult to obtain local and representative snow density measurements in the Near East region where the in situ observation network is sparse. In the literature, the poor performance of passive microwave sensors in retrieving SWE over mountainous terrain is explicitly acknowledged in many studies (e.g., [37, 47, 48] ). Our study is another demonstration of the current deficiencies of passive microwave SWE retrievals in complex terrain. 
TWS Correlation with Snowpack Depletion
In the previous section, we mentioned the correlations in the spatial patterns of the trends in Figures 5 and 6 . In both figures, the significant changes are observed over the grid cells with the negative TWSA, SCD, and SWE trends. One of the clear indicators of the regional snowpack depletion is the declining SWE trends (Figure 6b ) which reach above 4 mm per year especially in the Lesser Caucasus and Zagros Mountains. The spatial pattern and the magnitude of ERA5 SWE trends show similarities with the SWE trends from the ERA-Interim reanalysis over eastern Anatolia except the Black Sea coasts and the Tigris basin of Turkey [16] . Given the significantly shorter SCD over the same areas, we continue to investigate the relationship between decreasing TWSA and snowpack depletion by comparing the (basin average) temporal correlations between all data sets in Figure 7 .
The correlation matrices (Figure 7) show the strength of the relationship between the time series of spatially averaged TWSA and snow variables over the areas above 1000 m in our study basins. The GRACE TWS and ERA5 SWE have a positive significant (p < 0.1) correlation in the ETB and KAB, while positive correlations over the COB and VAN are not significant. The significant similarity of the spatial patterns of GRACE TWS and ERA5 SWE has already been shown in Figure 6 . Since the COB and VAN basins have smaller drainage areas, the coarse spatial resolution of the GRACE data might be the reason for insignificant correlations. On the other hand, the SWE retrievals from AMSR-E and AMSR2 satellites have either negative or very small correlations with GRACE TWS change. Furthermore, an unexpected anticorrelation between TWS and AMSR2 SWE is statistically significant in the COB. We expect the sign of the TWS and SWE changes to be the same, unless the TWS change is dominated by changes in other water storage components, which may be the case in the COB. The AMSR2 SWE retrievals have a positive and significant correlation with MODIS SCD from both Aqua and Terra over all the basins. Furthermore, AMSR-E has similar correlation coefficients with both SCD products only in the ETB and KAB. Also, the AMSR-E SWE retrievals have a significant correlation of 0.62 with ERA5 SWE in the KAB. Despite also being moderate (>0.3) elsewhere, this correlation is only significant in KAB. ERA5 SWE reanalysis show positive significant correlations with Aqua SCD over all basins except VAN. The positive relationship between ERA5 SWE and Terra SCD is statistically significant for all the study basins. It is also worth mentioning that the spatially averaged MODIS SCDs from Aqua and Terra platforms show extremely similar (correlation coefficients practically equal to 1) temporal patterns for the areas over 1000 m in all basins. Upper triangular correlation matrices between annual values over all areas higher than 1000 m a.s.l. for the ETB, KAB, COB, and VAN. The correlations shown here are between the variables of SWE from AMSR-E, AMSR2, and ERA5; MODIS SCD from Aqua and Terra; and lastly TWS from GRACE. The size and the color of the circles indicate the value of the corresponding correlation coefficients which are also written on the circles. Marked (*) correlations are statistically significant at a 90% confidence level. The correlations between AMSR-E and AMSR2 is NA due to the non-overlapping observational period.
Possible Drivers of Snowpack Depletion
By definition, a change in precipitation patterns is the most obvious sign of meteorological or hydrological drought. The drivers of the snowpack depletion might be the anomalies in precipitation alone or a combination with other climate variables such as temperature or radiation. Hammond et al. [38] explain the effect of temperature and precipitation on snow persistence decline for the seasonal snow zones in the Northern Hemisphere which includes our domain. They emphasized that temperature has the dominant effect at lower elevations, while the importance of precipitation at higher elevations is greater. In our study, we focus on investigating the snow energy and mass balance variables from the ERA5 reanalysis for the areas over 1000 m elevation. In Figure 8a , winter precipitation shows a latitudinal change which increases in the north and decreases in the southern part of the Near East. On the one hand, the increase in precipitation is statistically significant (p < 0.1) over some grid cells in the COB and KAB. On the other hand, the statistically significant precipitation decline over the Zagros mountains and surrounding region is concerning in terms of water resources in this arid region. The magnitude of negative change increases towards south. However, for the spring months (MAM), precipitation data shows a significant increase over a smaller area in the Zagros mountains (Figure 8b) , while the decline in spring precipitation over several grid cells is not statistically significant. In cold regions, precipitation can fall to the ground as either rain or snow. Therefore, the ratio between snowfall and rainfall is crucial for understanding the evolution of the snowpack. More rainfall on an existing snowpack can cause faster snowmelt earlier in the year. Musselman et al. [99] showed an increase in the frequency of rain-on-snow events for the higher elevations of the Sierra Nevada (U.S.) which is a climatologicaly similar region to the northern ETB in terms of snow and water resources. In Figure 8c , we see a strong reduction in snowfall ratio in the winter months (DJF). Most of the grid cells above 1000 m have statistically significant negative trends. The decline in snowfall ratio reaches up to 20% per decade in the Iranian part of the ETB and elsewhere in northern Iran. The winter snowfall ratio reduction at a level up to 5% per decade is also significant in the headwaters part of the ETB, VAN, and the Greater and Lesser Caucasus. To understand whether the reduction in snowfall ratio is a signal of temperature change, we analyzed the trends in 2 m air temperature and downward radiation (sum of surface downwards solar and thermal radiation) from the ERA5 reanalysis ( Figure 9 ). In Figure 9 , the winter temperature increases (up to 3 • C per decade) over the whole study domain, but significant changes overlap with precipitation and snowfall ratio change only over the Zagros mountains. This change could explain the significant precipitation and snowfall ratio decline in winter months over this mountainous region. As for radiation, ERA5 does not show a significant change in DJF over the whole domain. Here, it is noted that seasonal temperature climatology does not show directly how temperature changes during the rainfall or snowfall events, instead it is only an indicator of how temperature changes overall during the season. For the spring months, the magnitude of change in snowfall ratio is not as strong as the winter months (Figure 8d ). The snowfall ratio reduces in the northern Near East, while it increases at most by 5% per decade in the south. These changes are mostly not significant. However, the grid cells which show the snowfall ratio decline coincide with the increase in downward radiation in MAM which are between 5 and 10 Wm −2 per decade and significant (see Figure 9d) . Despite being in the same region, the snowpacks in Mediterranean mountains can show different responses to warming conditions [98] .
Snow ablation consists of snow sublimation, snowmelt, blowing snow, and avalanching processes. Here, we examine the loss of snow from the point of sublimation and snowmelt amounts. Our results show that one of the most interesting phenomena concerns the obvious change in snowmelt patterns (Figure 10a,b) . Snowmelt trends significantly increase in winter, and decrease in spring over all the basins. The change pattern is usually opposite and often significant in both seasons, which means that the increasing snowmelt regions in DJF reduces in MAM. This feature is a clear sign of earlier snowmelt that is in line with the studies of Sen et al. [13] , Sonmez et al. [100] , and Yucel et al. [14] . All these studies concluded that the earlier snowmelt occurs due to the increasing temperatures in recent years. ERA5 2m air temperature data also show consistent results with their findings (see Figure 9a,b) . Earlier snowmelt can be driven by the many factors that affect the forcing in the surface energy balance. Here, we investigated the temperature which drives the sensible heat flux exchanges. The significant temperature increase could explain the spring snowmelt decline up to 10 mm per year over the Greater and Lesser Caucasus, COB, and the headwaters of the ETB (Figure 10b) . As a result of warming conditions and drying conditions, we may also expect to see a strong signal in sublimation ratio. In the winter months, sublimation ratio trends decrease significantly over the areas where snowmelt increases (Figure 10c ). Conversely, sublimation ratio raises significantly around 0.1% per year in the Lesser Caucasus. These numbers are surprisingly smaller than the findings of Herrero and Polo [32] where they estimate that 24-33% of the annual snow ablation is due to evaposublimation over the Spanish Sierra Nevada mountains in the Mediterranean region. We surmise that the ERA5 reanalysis data may have limitations to simulate the finer scale snow processes over the complex terrain of the Near East given that ECMWF's model currently does not include sublimation through blowing snow events (ECMWF, personal communication). Still, given that snowmelt significantly decreases in spring months (Figure 10b) , and MODIS SCD trends decline over the same areas (see Figure 5b) , there is supposed to be less snow in the beginning of the season. Lastly, condensation processes (opposite of evaporation), namely rain-on-snow, could be an important source of snowmelt, since it leads to a strong latent heat flux from the atmosphere towards the surface. Musselman et al. [99] clearly explain in their study how earlier snowmelt affects snowmelt runoff and water security. The combination of increasing rainfall ( Figure 8 ) and snowmelt ( Figure 10 ) may increase the chance of winter time flooding especially in the eastern Black Sea coast.
Limitations and Outlook
As is typical when using satellite data records for climate analysis, the short length of the time series can be a problem. For MODIS, we employ the entire current archive which spans the 2001-2018 (Terra) and 2003-2018 (Aqua) water years. We acknowledge that length of the data record is a limitation [37] , but we note that these records are now pushing two decades in length and have been used to investigate snow-cover climatology in several studies (e.g., [28, 37, 38, 50, 78] ). Similarly, although limited in length the entire GRACE record spans 15 full water years (from 2003-2016) and has been used in several hydroclimatological studies (e.g., [36] ). The passive microwave data sets, AMSR-E and AMSR2, are considerably shorter on their own, spanning 9 (2003-2011) and 6 (2013-2018) water years, respectively, but unfortunately merging them was not an option due to differences in the retrieval algorithms.
There are potentially unknown errors associated with deficiencies in the discussed satellite-based observations of the snowpack. These unknown errors propagate uncertainty into the retrievals. For this reason, we briefly account for the downsides of each type of satellite retrieval and attempt to account for the magnitude of the resulting uncertainty. As mentioned, passive microwave retrievals do not perform well for wet and deep snowpacks as well as for forested or steep terrain [47] . As such, especially in mountainous regions of the Near East, there is relatively large uncertainty associated with the passive microwave retrievals of SWE discussed herein. For the optical retrievals of snow-covered area from MODIS, the main caveat is clouds. Optical sensors are unable to sense the ground through an opaque cloud cover and snow-covered regions are often quite cloudy [75] . Thus, persistent cloud cover during the ablation season or early in the accumulation season adds uncertainty to the retrieved SCD [48] . In addition, it is possible to have both errors of commission and omission in the snow-cloud discrimination [76] . Assuming the MODIS cloud mask is accurate, the cloud cover is not a major issue for the 8-day product which picks the best scene (in terms of cloud cover and snow extent) over an 8-day window. Recall from Section 3.2 that for each 8-day period a grid cell was flagged as missing if it was more than 10% cloud obscured, and the snow cover was subsequently interpolated from adjacent points in time. As shown in Figure A2 , in the worst case around 40% of the points were ignored (mainly over the Lesser Caucasus), while more typically on the order of 10-15% of points were ignored over the mountains of the Near East. As such, the cloud issue does not represent a major problem for the results of the 8-day MODIS SCD analysis discussed herein. Longuevergne et al. [41] show the importance of accounting for the spatial distribution of the water bodies (glaciers, reservoirs and lakes) when separating the various TWS components from the GRACE signal. By using a lower elevation threshold of 1000 m, we eliminate the largest dam areas, particularly the ones in the ETB (e.g., Ataturk dam at 550 m and Keban dam at 845 m). Also, we mask out the Lake Van from our data sets before applying any trend or correlation analysis. The glacier effect is negligible due to the small areal coverage of the glaciers over the study region. Currently, there are only a few glaciers in the high mountain areas around the highest peaks mentioned in Section 2 (see e.g., [101] ). Most of the glaciers in the Near East region are found in the Greater Caucasus which was not considered in this study.
As an extension of our exploratory analysis, we envisage a full decomposition of the GRACE signal over the region, in line with Voss et al. [40] , Longuevergne et al. [41] , Joodaki et al. [42] , Forootan et al. [43] but over the entire GRACE observational period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) . Such a study should ideally make use of the most accurate estimates of the TWS components that is currently feasible. This implies using detailed land surface models that are constrained by satellite observations and driven by the most accurate available hydrometeorological forcing. For example, an accurate estimation of the snowpack's contribution to the TWS signal over the region would require a probabilistic snow reconstruction (c.f., [48, 85] ) as this is arguably the best technique available for SWE reanalysis in complex terrain.
Summary and Conclusions
The effects of climate change on water resources is already a major concern in the Near East which is a semi-arid region (e.g., [9, 10, 17, 20, 72, 102, 103] ). Over exploiting the water resources by irrigation and dams has already affected the regional water budget [11] . The declining water storage in this water scarce region has been pointed out in several studies [36, 40, 42, 43] . The projected streamflow amounts [14, 30, 31, 104] show an important shift in the hydrological cycle due to earlier snowmelt. In this study, we analyzed data from some of the available remote sensing products over this understudied region to understand the contribution of the mountain snowpack in the negative trends of water storage anomalies. The main findings are as follows :
• Previous studies focused on the changes in water storage mostly in the ETB for a shorter time period. The analyses for the whole GRACE observational period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) showed that three GRACE solutions (GFZ, CSR, and JPL) agree on strong negative trends in GRACE TWSA for four basins in the Near East region. Our analyses demonstrate that the decrease in TWS continues with an accelerated trend even after the drought years (2007-2009) in a larger domain, not only in the ETB. Elevation-based analysis indicates that the statistically significant negative GRACE monthly TWS trends are 2.74, 1.4, 2.22, and 1.85 cm per year for the areas over 1000 m in the ETB, KAB, COB, and VAN, respectively.
•
The most striking result is a major significant shift in SCD in the headwaters and southern highlands of the ETB, and the high mountains of the KAB. The often-significant negative MODIS SCD trend that reaches up to 4 weeks per decade is a clear indicator of snowpack decline in the Near East. If this negative trend continues, the seasonal snowpack which currently starts to form in the late autumn months (October, November) and peaks in the late winter months (January, February) may disappear in a few decades over these areas.
The ERA5 SWE trends are also another line of evidence for snowpack depletion over the mountains of the Near East. For the areas above 2000 m a.s.l., the magnitude of the significant negative SWE trends are 2.96, 2.41, and 4.51 mm per year for the ETB, KAB, and COB, respectively. For VAN, the SWE decline is 1.61 mm per year according to the ERA5 reanalysis, but not significant. The results from ERA5 are an important independent line of evidence since it is a new higher resolution reanalysis data set that is constrained by remote sensing products (but not those used in this study).
Another line of evidence is the great similarity in spatial patterns between the negative trends in GRACE TWS, ERA5 SWE, and MODIS SCDs. The strong decrease signal from all these data sets is coincident over the headwaters of the ETB, the Lesser Caucasus, and the Zagros mountains.
• Passive microwave sensors provide precious information for the remote areas such as the mountains of the Near East. However, their retrievals struggle to capture the SWE amounts without bias correction over complex terrain. Here, through weak correlations with many of the other products examined, we show the poor performance of the SWE values retrieved from the AMSR-E and AMSR2 passive microwave radiometer systems over the mountains of the Near East.
• Lastly, we analyzed the snow energy and mass balance variables from the ERA5 reanalysis to investigate the potential drivers of snowpack decline. For the snowfall ratio, we found significantly negative trends up to 20% per decade over the Lesser Caucasus, VAN, COB, and the Zagros mountains in the winter months. Total precipitation increased significantly by around 4 mm per year in both DJF and MAM especially over the COB and the Black Sea coasts. Additionally, results from ERA5 clearly show earlier snowmelt in line with significantly increasing temperatures up to 2 • C per decade.
Human-induced climate change has the potential to put the water resources of this already vulnerable region at greater risk in the future. Our results from multiple remote sensing products indicate the strong relationship between significant water loss and snowpack decline. So far, the biggest contribution to the negative TWSA is attributed to the groundwater component. Here, we show the significance and correlation of snowpack decline with regional water storage loss. In the future studies, the role of snow and ice loss in negative trends of the water resources should also be carefully addressed in the Near East. 
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